Abstract: This study was conducted to investigate the relationship between dental materials and bacterial adhesion on the grounds of their chemical composition and physical properties. Three commercially available dental restorative materials (Filtek™Z350, Filtek™P90 and Spectrum ®
Introduction
Dentistry is a field that has progressed significantly in the last few decades. New techniques in restorative dentistry have changed conventional treatment methods [1] . However, dental restoration has been related to a high incidence of secondary caries [2] [3] [4] [5] . For ideal application of restorative materials, parameters that define bacterial adhesion need to be researched prior to their clinical application [6] . An in-depth analysis of adhesion profiles of micro-flora inhabiting the oral cavity can prove to be productive in assessing the etiology of caries induction on dental restorative materials [7] [8] [9] . Bacterial adhesion on tooth and dental restorative material surfaces leads to dental caries and related periodontal diseases [10] . Secondary caries and infections associated with biofilm formation in the oral cavity on dental material surfaces [11] become augmented by gastritis and ulcers in certain cases. No correlation has been observed previously between adhesion of different bacterial strains on different types of composites [9, 12] . However, several studies [13, 14] reported a correlation between the roughness of dental materials and the accumulation of bacteria. For some time, several mono-species biofilm models have been available which accommodate typical oral microbes [15] . Streptococci have been frequently used as a caries model [16] , where in vivo plaque microbiota is highly diverse and complex [17] , and the oral fluid, too, is an essential component in the formation of dental biofilms [18] .
Various dental composites have been recently introduced to the market including dimethacrylate based nano-composites and silorane based composites [19] . In this study, adhesion profiles of three bacterial (Pseudomonas aerigunosa, Staphylococcus aureus and Eschereshia coli) strains have been tested against three relatively newly developed commercial dental restorative materials. Two of these strains (Pseudomonas aerigunosa and Staphylococcus aureus) are linked to biofilm formation on dental materials and the natural tooth surface and they are associated with incidences of primary and secondary caries development [11, 20, 21] . Escherichia coli can be remotely involved in progression of dental diseases, especially in patients with chronic gastritis and acid reflux [22] .
Materials that retard or inhibit bacterial attachment are deemed favorable for their use in dental restoration [23] [24] [25] . It is important that we take into consideration the commercially prepared dental composites and bacterial adhesion on their surfaces. Factors which may promote or inhibit adhesion such as chemical composition, surface roughness and the hydrophobic/hydrophilic nature of the restorative material were evaluated in this study. On the basis of surface chemistry, morphology of composite materials and bacterial strains, a general relationship could be found between the number of bacterial colonies showing adhesion and those showing mere attachment. It is expected that composite materials having greater surface roughness will help attached bacteria in retaining their position for a longer period of time. Similarly, particle size and degree of polymerization of composite material will also help to determine the status of bacterial adhesion.
Results

Fourier Transform Infrared Spectroscopy (FTIR)
Z350: In Figure 1a , spectra collected before curing displayed a peak at 1711 cm −1 that can be assigned to free carbonyl (C=O) stretch in resin polymer. The peak at 1452 cm and corresponded to consumption of free carbonyl during polymerization. After 24 h, a new shoulder at 1698 cm −1 appeared which was assigned to hydrogen bonded carbonyl C=O in composite sample. A significant decrease in intensity was observed at 1635 cm immediately after curing and formed a small peak with time; this might be due to N-H deformation stretching. A shoulder peak at 1087 cm after curing, which was attributed to C-O-C and Si-O bonds. In the same region prominent peak, shifting and broadening was observed at 1000 cm . Before curing, the spectra of TPH contained a peak for free carbonyl (C=O) group at 1711 cm . After curing, (Figure 2a ) a profound increase in intensity of peak at 1711 cm −1 was observed due to conversion of free carbonyl into bonded carbonyl. Decrease in peak intensity of aliphatic C=C and increase in aromatic C=C was observed after curing at 0 h. The increase in intensity of aromatic C=C peak was due to the phenomenon of cyclization associated with polymerization. Peak for N-H showed pronounced increase in its intensity at 0 h after curing which led to appearance of a broad band instead of a sharp peak that could be attributed to methyl group at 1260-1470 cm Figure 3a , the peak contributing to oxirane functional group was found at 800-890 cm . The C-O-C stretching peak was found around 1140-1070 cm . In Figure 3b , sharpening of oxirane peak accompanied by stretching vibration was observed at 800-890 cm (Si-CH3) shifted, and a pronounced increase in intensity was observed. A shoulder peak attributed to methyl symmetric bending became visible after curing at 1380 cm accompanied by stretching asymmetric vibration were observed. Lifting of band attributed to C-O-C and Si-CH3 was seen, which could be due to exhaustion of previously available Si-O-Si group due to their increased bonding with oxirane group. Molecular rearrangement was observed throughout the spectra from 0 h to 72 h due to the phenomenon of intra-molecular cross-linking between oxirane and Si-O-Si group.
P90: In
Atomic Force Microscopy (AFM)
The surface roughness was analyzed by using AFM and the three dimensional images are given in Figure 4a -c and the Ra and Rms values, and minimum grain size is given in Table 1 . 
Contact Angle Measurement
The obtained values for hydrophobicity are; Z350 68 (S.D. ± 4.5), TPH 82 (S.D. ± 2.5), P90 92 (S.D. ± 2.2). According to this data, P90 seems to be more hydrophobic in nature as compared to TPH and Z350. Figure 5a showed the optical density values of all commercial composites with S. aureus. Periodic surge was observed in absorbance value for bacterial colonies in case of Z350 with greater values for absorbance at 24 h and 72 h followed by a sharp decline at 48 h, whereas, for TPH, constant values of absorbance were observed from 0 to 8 h. After 8 h, a substantial increase in absorbance values was observed and values continued to rise till 72 h. In case of P90, after an initial rise in absorbance values from 0 to 8 h, the value for absorbance became almost constant from 24 to 48 h. The statistical analysis showed that there was insignificant difference among these groups. Figure 5b showed the log value of Z350, TPH and P90 with S. aureus. The values for Z350 exhibited that from 0 to 8 h no significant increase in the number of colonies was acquired from dislodged bacteria. At 24 h incubation, the number of colonies showed a rise. At 48 h incubation, a decline in number of colonies was seen with slight elevation in their number at 72 h incubation period. For TPH, the initial log value of CFU was more or less retained till 8 h incubation period. After 8 h, a gradual increase in number of colonies could be observed till 24 h incubation period. After 24 h, a slight trench in CFU log value was seen. This value was found to be almost constant till 72 h of incubation period. The CFU log value of P90 was constantly on the rise, starting from 0 h to 8 h incubation period. However, after 8 h, a slight decline in log value for CFU was seen, which began to rise again after 24 h, reaching a maximum value for the number of colonies at 48 h. After 48 h, a sudden plummet in log value was registered. SEM images showed no significant adhesion of S. aureus cells on dental composites from 0 to 72 h as shown in Figure 6a Figure 7a showed the absorbance values of all commercial materials with P. aeruginosa. For Z350, a slow and gradual increase of absorbance values was observed till 48 h followed by a sharp surge which continued till 72 h. Periodic surge was observed in the absorbance value for bacterial colonies in case of TPH with greater values for absorbance at 8 h and 48 h. In case of P90, a moderate increase in absorbance value from 8 h to 24 h was registered with maximum a value at 24 h. After 24 h, a decline in absorbance value was observed till 72 h. There was no statistical difference among these groups. Figure 7b showed gradual rise in CFU log value of Z350 was seen from 0 to 8 h of incubation.
Bacterial Adhesion
S. aureus
P. aeruginosa
A constant log value was seen from 8 h to 48 h of incubation. After 48 h, a sharp increase in log value was seen showing active proliferation in number of bacterial colonies on composite material. Whereas, with TPH, constant increase in log value for CFU was seen from 0 h to 24 h of incubation. After 24 h incubation, a gradual decline in log value was obtained showing thinning up of colony density after a 24 h incubation period. P-90 shared more or less the same log values for CFU from 0 h to 24 h. After 24 h, a sharp decline in log value was spotted till 48 h followed by constant log value till 72 h. SEM images showed a good number of bacterial cells adhering to the composite surface which seemed to be retained till 72 h of incubation (Figure 8a,b) . In Figure 8c , a massive increase of bacterial adhesion was observed with a continuous rise in colony number till 8 h of incubation. At 24 h, the cell size began to diminish accompanied with reduction in colony number till 72 h. 
E. coli
The absorbance value of E. coli is shown in Figure 9a . A constant rise in absorbance values of Z350 was seen from 0 h to 48 h of incubation. A decline in absorbance values was seen at 72 h. TPH showed a constant rise with a slight dip from 0 h to 24 h in the absorbance values, followed by an increase in absorbance values at 48 h incubation. After that, again a sudden decline in absorbance values was seen at 72 h. In case of P90, the absorbance value was found to be continuously on the rise till 24 h of incubation. After 24 h, a sudden decline was registered. After 48 h of incubation, again a sharp increase in absorbance values was seen till 72 h. An insignificant difference was observed in these groups. Figure 9b shows an increase in log value was observed from 0 h to 24 h for Z350. After 24 h, log values decreased gradually till 72 h. After an initial increase of log values from 0 h to 8 h for TPH samples, they continuously declined till 72 h of incubation. P-90 showed the highest log value for CFU at 24 h adopting an almost constant rise in log value from 0 h to 8 h of incubation. After 24 h, the log value showed a trench, continuing from 48 h to 72 h. SEM images showed a large number of initial bacterial attachments followed by a rise in number of bacterial colonies till 24 h, as shown in Figure 10a . The number started to recede after 48 h showing little adhesion on the composite surface. In Figure 10b , a significant number of bacterial adhesions was found at 8 h-24 h, and then showed a decrease in colony numbers. A large number of initial bacterial attachments followed by an intensive proliferation rate till 8 h of incubation period were observed in Figure 10c . At 24 h, cell size began to diminish and the number of bacterial colonies became less. 
Discussion
It is very important to consider those characteristics that inhibit surface adhesion and proliferation of bacteria. Apart from the in-depth adhesion study of oral micro-biota involved in dental disease, information on chemical and physical characterization of the dental restorative material becomes indispensible. In this study, we investigated the adhesion of three bacterial strains on newly developed commercial dental restorative materials (Z350, TPH and P90) with respect to structural analysis, surface roughness and wettability, which was not investigated before. Knowledge of the inherent characteristics of dental materials is important as these can affect the manipulation and the overall properties of the materials [25] .
Degree of polymerization associated with C=C peak of methacrylates in composites, i.e., TPH and Z350, showed inter-conversion between aliphatic and aromatic C=C. Increase in peak intensity for aromatic C=C, with the passage of time after curing, depicted phenomenon of cyclization [26] [27] [28] and led to the availability of NH group and encapsulation of CH3 group. This could be explained as a plausible cause for the meager number of bacterial cells adhering to these composite surfaces. The observed bacterial growth could be due to attachment site provided by NH group. After curing, CH3 groups were found stitched into the polymer matrix and not as many adhesion sites were available as compared to P90. On the other hand, P90 afforded the availability of CH3 groups due to a dynamic molecular arrangement in the silorane region [29, 30] . Adhesion of bacteria is also dependent on the strain type along with availability of certain functional groups. S. aureus did not show much adhesion despite the availability of CH3 after photo-curing on P90 composite surface. P. aeruginosa and E. coli on the other hand showed massive attachment and adhesion on P90.
From earlier studies on Contact Angle Measurement of bacterial strains such as E. coli, S. aureus and P. aeruginosa, it was found that E. coli have relatively higher values for hydrophobicity as compared to S. aureus and P. aeruginosa [31] . The ability of bacteria to adhere to a material surface depends on the hydrophobicity of both bacteria and material surfaces. Hydrophilic materials are more resistant to bacterial adhesion than hydrophobic materials [32] . Accordingly, P90 and TPH possess greater contact angle measurements as compared to Z350 which was in conformity with previous studies. The selected bacterial strains are endemic to oral cavity, and play a vital role in biofilm formation on tooth and biomaterial surfaces; however, similar work has been done on closely related strains such as S. epidermidis and Streptococcus mutans with other restorative materials [4, 33, 34] .
Due to the presence of Silorane in P90, it was expected that a lower number of bacterial adhesion would be yielded but, in this study, our SEM images suggested otherwise. The number of bacterial adhesions was higher on hydrophobic material (P90) compared to relatively hydrophilic material (Z350 and TPH) over a period of time (i.e., 0 h, 8 h, 24 h, 48 h, and 72 h) due to the absence of shear force. Shear force happens to be a significant feature of oral environments that aids in defining biofilm patterning. Biofilms subjected to shear force are thin and dense [32, 35] . The actual number of adhesions observed with SEM was reciprocal to the Colony Forming Unit Count and Optical Density value. Based on this, an inverse relationship between the number of bacterial cells showing initial attachment/loose adhesion to the number of bacterial cells firmly adhering to the biomaterial surface can be assumed. This relationship can only be established in vitro due to the presence of limiting factors such as food and space. On the other hand, surface roughness does not seem to contribute to bacterial adhesion as expected. Bollen et al. [14] also reported the absence of a link between surface roughness and plaque formation and retention (i.e., microbial adhesion). Grain size seemed to play a significant role in bacterial attachment and adhesion. Composite material (P90) having larger grain (0.32 µm) size showed greater bacterial adhesion as compared to composite material (Z350) having smaller grain size (0.24 µm) [36] . The critical period for bacterial adhesion was 0 h-8 h after curing which yielded functional groups (CH3 and NH) and it is expected that the bacterial adhesion depends on the material surface chemistry as well as bacterial cell surface chemistry and particle size [37] . Moderate number of bacterial adhesion was seen on TPH and the least number of bacterial adhesions was observed on Z350. In case of P. aeruginosa, Z350 showed minimal bacterial adhesion in comparison to the other two materials; the number of bacterial cells remained more or less constant over the time period. Optical density and CFU values, on the other hand, showed a constant increase in the number of bacterial cells with the passage of time. This might be due to the nano-nature of composite particles of Z350 and lesser value for Contact Angle Measurement. Since space was not the limiting factor for those cells that succeeded in attaching to the surface of Z350, these cells survived and continued to proliferate. P90 showed a massive number of bacterial cell adhesions, but due to limiting factors, such as space, the number of bacterial colonies showed a sharp recession. In case of TPH, a clear reciprocal relationship between the number of loosely attached bacterial colonies and those that showed firm adhesion was established. S. aureus showed insignificant adhesion on all three types of composite materials owing to its moderately hydrophobic nature in contrast to the relatively hydrophilic nature of Z350 and TPH. P90 however showed meager adhesion with S. aureus which can be attributed to its hydrophobic nature. TPH showed infinitesimal attachment whereas Z350 showed almost no attachment or adhesion with this particular strain. This means that the material surface of these composites (Z350 and TPH) does not provide a suitable habitat for this particular species owing to its surface charge, morphology and composition. The monomer leaching with the passage of time seems to have a pronounced adverse effect on the growth rate of S. aureus as compared to the other two strains. Further insight could be obtained with DNA and protein level studies as to how leaching of TEGDMA, Bis-GMA, UDMA monomers is affecting the genetic and cellular makeup of S. aureus only and not the other two strains [11] .
These findings suggest that Z350 (nano-composite) has a better chance of evasion of biofilm formation as compared to P90 and TPH. Although oral microbiota are not restricted to these three strains that we have used in our study, they are still quite significant in the establishment of biofilm and progression of disease and infection in oral environments. Therefore, a composite material able to combat against adhesion from these strains may well be able to prevent adhesion from other bacterial strains as well.
Materials and Methods
Three commercial dental restorative materials [Filtek™ Z350 (Z350) and Filtek™ P90 (P90) (3M ESPE, Seefeld, Germany) and Spectrum ® TPH ® (TPH), (Dentsply, Konstanz, Germany)] were tested and their compositions are given in Table 2 .
Sample Preparation
In this study, 200 sample discs of size 8 mm × 2 mm were prepared according to manufacturer's instruction using PTFE molds. The composites were polymerized by using high intensity blue light (LED, wavelength ≈ 470 nm). The samples were polished with grit paper (×4000) and washed with de-ionized water and stored in air tight test tubes after drying.
Characterization
Fourier Transform Infrared Spectroscopy (FTIR)
Sample discs were assessed for degree of conversion of chemical compounds before and after curing for periodical time at 0 h, 8 h, 24 h, 48 h and 72 h, using FTIR (Thermo Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA) coupled with Photo-Acoustic sampling cell, accumulating 256 scans at 8 cm . Sampling cell was purged with dry helium to keep the sampling chamber free of moisture. Spectral data was obtained using OMNIC 7™ software, (Thermo Scientific, Waltham, MA, USA). 
Atomic Force Microscopy (AFM)
Surface topography of dental composites, Z350, TPH and P90 was examined by means of Molecular Imaging's PicoPlus™ 2500, USA. Contact mode cantilevers and integrated silicon nitride tips were used. Height data from the 5 µm 2 area images were processed using the first order flattening option and the average surface roughness was analyzed. The surface roughness (Ra and Rms) was measured. Images of the resin composites were obtained at three different locations and the average Rms and Ra roughness was determined for particular composites based on these images from different locations. The results have been included in the manuscript. The topographical images were acquired by UK Soft Software and were analyzed by Gwyddion Version 2.4. (Open Source Software covered by GNU GPL).
Contact Angle Measurements
To evaluate the wetting properties of samples, advancing contact angle measurements of water were performed by a droplet expanding technique, using a CAM 200 Optical Contact Angle Meter (KSV Instruments Ltd., Helsinki, Finland) equipped with a video recorder that collected one image per second. Image analysis was performed with CAM 200 Software and contact angle calculation using curve fitting was based on the Young-Laplace equation, yielding contact angles on either side of the droplet and their mean value. Six samples of each composite material were cast and their contact angles were evaluated to estimate the standard deviation.
Bacterial Strains and Growth Conditions
The Anaerobic strains, Staphylococcus aureus (S. aureus ATCC 25923), Pseudomonas aeruginosa (P. aeruginosa ATCC 27853) and Escherichia coli (E. coli ATCC 25922) were revived independently from their respective Glycerol stock cultures and sub-cultured onto LAB, UK Nutrient Agar. Incubation was done for 24 h at 37 °C in VWR Incubator and later colonies were picked and sub-cultured into LAB, UK Trypton Soy Broth (TSB) again for 24 h at 37 °C.
Adhesion Testing
Total number of samples used for adhesion testing was 90. All tests were done in triplicate. Twelve welled Tissue Culture Test-plates were used to test each sample disc. In each well, 2 mL of TSB along with test material disc and 20 µL of bacterial culture was placed. Each sample disc was tested with all three types of selected bacterial strains so there were three different types of bacterial culture which were used for inoculation of the test materials. Culture plates were placed in VWR incubator, USA at 37 °C and periodic characterizations of test materials were done at 0, 8, 24, 48 and 72 h.
After the adhesion experiments, each sample disc was vortexed in Bio-Rad BR-2000 vortex, USA for 3 min at 3000 rpm in a test tube containing 0.9% Normal saline to dislodge adherent cells. Tenfold serial dilution of the vortexed solutions were inoculated on Nutrient Agar plates, and the number of adherent bacterial colonies (colony forming unit (CFU) was counted after 24 h of incubation at 37 °C). Optical Density of that saline solution with bacterial cells was measured in Thermo Spectronics GeneSys (Thermo Scientific, Waltham, MA, USA), 10 UV-Spectrophotometer at 600 nm. To observe the significant difference between different groups, the least significant difference (LSD) test is used. The LSD test makes pair wise comparison between the different groups on the basis of well known Student's t test by using pooled standard deviation of pair wise groups.
Scanning Electron Microscopy (SEM)
After the adhesion experiment test material disc was gently rinsed with Phosphate Buffer Saline (PBS) to remove non-adherent or loosely adherent bacteria and then fixed with 2.5% glutaraldehyde (Merck, Darmstadt, Germany) for 24 h. After fixation, test samples were processed by a method of sequential dehydration. Concentrations of ethanol used for sequential dehydration were; 50%, 60%, 70%, 80%, 90% and 100% vol/vol. Incubation time was kept to 30 min for each ethanol-water solution. After sputter coating with carbon, the samples were investigated by Scanning Electron Microscopy (SEM; Hitachi Scanning Electron Microscope SU-1500, Niigata, Japan) Voltage range was from 5 to 20 kV and magnification range went up to 10,000×.
Conclusions
The grain size of composite materials seems to be directly proportional to the number of bacterial cell adhesions. This means the larger the grain size, the greater the propensity of bacterial attachment and adhesion. Similarly, Contact Angle Measurement also provided us with an indication that specific surface types are susceptible to adhesion and attachment by a specific range of bacterial strains. The degree of polymerization after curing at specific time intervals led to identification of specific functional groups that aid in bacterial adhesion.
